Introduction {#aur1526-sec-0001}
============

Autism spectrum disorder (ASD) manifests with heterogeneous phenotypes characterized by repetitive and restricted behaviors as well as deficits in social communication \[DSM‐V; American Psychiatric Association, [2013](#aur1526-bib-0003){ref-type="ref"}\]. Within a group of affected individuals, a large number will have a range of language impairments including delayed or atypical language acquisition, regression of language skills, little or no language, or intact language with difficulties in appropriate usage especially within social contexts \[Stefanatos & Baron, 2011\]. However, even in individuals with ASD and "normal" language, a significant number will still have subtle articulation and speech problems \[Shriberg, Paul, McSweeny, Klin, & Cohen, [2001](#aur1526-bib-0063){ref-type="ref"}; Kjelgaard & Tager‐Flusberg, [2001](#aur1526-bib-0028){ref-type="ref"}; Cleland, Gibbon, Peppe, O\'Hare, & Rutherford, [2010](#aur1526-bib-0013){ref-type="ref"}; for reviews see Boucher, [2012](#aur1526-bib-0006){ref-type="ref"}; Kujala, Lepistö, & Näätänen, [2013](#aur1526-bib-0032){ref-type="ref"}\].

With speech, children with ASD typically have a variety of difficulties. Data from the United States indicate that over 60% of children with ASD use, or have used, speech‐language services \[Pringle, Colpe, Blumberg, Avila, & Kogan, [2012](#aur1526-bib-0055){ref-type="ref"}\]. There is increasing evidence of an interplay between speech‐language facility, social interactions, and cognitive ability. It is known that limited practice with oral motor and articulatory control may constrain speech development early in life and restrict the acquisition of phonetic inventories. As well, it is known that young children with lower cognitive aptitudes show poorer and less proficient speech development \[Nip, Green, & Marx, [2009](#aur1526-bib-0047){ref-type="ref"}\]. Both of these factors place children with ASD at a disadvantage. Children with ASD often might not be interested, or have fewer opportunities, for social interaction; thus, they may not be motivated to practice vocal productions. They also can have cognitive delays which hinder the acquisition of vocabulary and thus the development of speech motor skills \[Stefanatos & Baron, [2011](#aur1526-bib-0067){ref-type="ref"}; Boucher, [2012](#aur1526-bib-0006){ref-type="ref"}\]. Despite these well‐established deficits and their behavioral interactions, the neurobiology of speech and language dysfunction within ASD is complex and not well understood.

Neuroimaging investigations have used both structural and functional imaging to explore brain differences in ASD \[for reviews see Anagnostou & Taylor, [2011](#aur1526-bib-0004){ref-type="ref"}; Stigler, McDonald, Anand, Saykin, & McDougle, [2011](#aur1526-bib-0068){ref-type="ref"}; Lenroot & Yeung, [2013](#aur1526-bib-0036){ref-type="ref"}\]. There have been sufficient data from meta‐analytic approaches which identified increased total volumes, enlarged cerebellum and caudate, and decreased volumes in midbrain areas, the cerebellar vermis, and portions of the corpus callosum \[Stanfield et al., [2008](#aur1526-bib-0066){ref-type="ref"}\]. Another meta‐analysis of studies using voxel‐based morphometry (VBM) found smaller gray matter volumes in the amygdalae, hippocampi, and medial parietal areas in the individuals with autism \[Via, Radua, Cardoner, Happe, & Mataix‐Cols, [2011](#aur1526-bib-0071){ref-type="ref"}\]. Functional differences have also been identified and a meta‐analysis of fMRI data showed decreased frontal activations with executive function tasks, decreased activation in the superior temporal gyri with language and auditory tasks, and increased activation in the superior temporal gyri with social processing \[Philip et al., [2012](#aur1526-bib-0051){ref-type="ref"}\].

Neuroimaging investigations into the nature of communication deficits in ASD have focused primarily on brain regions associated with language perception and comprehension \[for reviews, see Dichter, [2012](#aur1526-bib-0014){ref-type="ref"}; Pina‐Camacho et al., [2012](#aur1526-bib-0053){ref-type="ref"}; Mody & Belliveau, [2013](#aur1526-bib-0044){ref-type="ref"}\]. The predominant finding is of abnormalities in the temporal lobe in the region of Wernicke\'s area \[e.g., Herbert et al., [2002](#aur1526-bib-0022){ref-type="ref"}, [2005](#aur1526-bib-0023){ref-type="ref"}; Rojas, Bawn, Benkers, Reite, & Rogers, [2002](#aur1526-bib-0058){ref-type="ref"}\] and a meta‐analysis of VBM studies found white matter differences in arcuate and uncinate fascicule; fibre tracts known to be involved in language function \[Radua et al., [2011](#aur1526-bib-0056){ref-type="ref"}\]. Speech production has been less frequently studied with neuroimaging due to the difficulty of scanning while participants are speaking. A promising avenue to explore the functional deficits related to language processing in ASD is the use of magnetoencephalography (MEG). This neuroimaging modality has high temporal and good spatial resolution, is able to resolve task‐related brain activations on a millisecond time scale, and has great potential for application to the study of language \[Salmelin, [2007](#aur1526-bib-0060){ref-type="ref"}\].

MEG has been used extensively to examine speech perception in children with ASD and has identified distinct auditory processing delays that mediate language and communication impairments \[for a review see Roberts et al., [2008](#aur1526-bib-0057){ref-type="ref"}\]. The study of speech production has been a challenge in the MEG as the movements of the jaw muscles create enormous artefacts and only recently has this obstacle been overcome. There is now evidence that MEG can be applied to examine the brain dynamics of both speech \[Saarinen, Laaksonen, Parviainen, & Salmelin, [2006](#aur1526-bib-0059){ref-type="ref"}; Memarian et al., [2012](#aur1526-bib-0042){ref-type="ref"}\] and language production \[Herdman, Pang, Ressel, Gaetz, & Cheyne, [2007](#aur1526-bib-0024){ref-type="ref"}; Breier & Papanicolaou, [2008](#aur1526-bib-0008){ref-type="ref"}; Liljestrom, Hulten, Parkkonen, & Salmelin, [2009](#aur1526-bib-0037){ref-type="ref"}; Pang, Wang, Malone, Kadis, & Donner, [2011](#aur1526-bib-0048){ref-type="ref"}\], even in young children who stutter \[Sowman, Crain, Harrison, & Johnson, [2014](#aur1526-bib-0064){ref-type="ref"}\]. The study of speech production in ASD, however, has not been examined with MEG. Further, the application of beamforming source analyses has demonstrated success in separating mouth movement artefacts from brain activations \[Cheyne, Bostan, Gaetz, & Pang, [2007](#aur1526-bib-0012){ref-type="ref"}; Memarian et al., [2012](#aur1526-bib-0042){ref-type="ref"}\].

In the current study, we used MEG to examine differences in brain activations during a series of increasingly complex oromotor tasks underlying speech production in a group of children with high‐functioning ASD and age‐ and sex‐matched controls. We hypothesized that the high temporal and good spatial resolution of MEG could identify subtle abnormalities in oromotor control related to speech production in children with ASD.

Materials and Methods {#aur1526-sec-0002}
=====================

Participants {#aur1526-sec-0003}
------------

Twenty‐one children (17 males; mean---11.43 ± 3.19 years; median = 11.49 years; range: 5.99--17.64 years) with ASD and 21 sex‐and age‐matched typically developing children (17 males; mean = 11.46 ± 3.14 years; median = 11.5 years; range: 5.98--16.8 years) participated in the study. The children were evenly distributed across the age range. The typically developing children were recruited by advertisements in the community and were free of any neurological, psychiatric, language, speech, hearing, vision, motoric, auditory, or academic problems. Children who had previously seen a developmental paediatrician, speech and language pathologist, psychologist or psychiatrist were not included, and all control children completed a brief screening test to rule out any oromotor dysfunction. All typically developing children were in age‐appropriate grades in school and were selected to match the ASD group by age and sex. All participants or their parents gave written informed consent, and this study received Institutional Ethics approval.

Twenty‐three children with ASD were identified through the Province of Ontario Neurodevelopmental Disorder Network (POND) database from Holland Bloorview Kids Rehabilitation Hospital in Toronto. The diagnosis of ASD was based on clinical observation and meeting of the Diagnostic and Statistical Manual of Mental Disorders, 4th edition \[DSM‐IV‐TR; American Psychiatric Association, [2004](#aur1526-bib-0002){ref-type="ref"}\] criteria. The diagnosis of ASD was supported by either the Autism Diagnostic Observational Schedule \[ADOS; Lord, Rutter, DiLavore, & Risi, [1999](#aur1526-bib-0039){ref-type="ref"}\] or the Autism Diagnostic Observational Schedule‐2 (ADOS‐2) \[Lord et al., [2012](#aur1526-bib-0040){ref-type="ref"}\] and the Autism Diagnostic Interview---Revised (ADI‐R) \[Le Couteur, Lord, & Rutter, [2003](#aur1526-bib-0035){ref-type="ref"}\]. These diagnostic instruments were administered by research‐reliable research staff. Children with high‐functioning ASD were selected if they appeared able to comply with the demands of a neuroimaging study and were then invited to participate. As well, all children were asked about comorbid conditions and screened for symptomology using the Child Behavior Checklist \[CBCL; Achenbach and Rescorla, [2001](#aur1526-bib-0001){ref-type="ref"}\]. In particular, we screened for ADHD symptoms. Using a brief screening tool based on the Verbal motor production assessment for children \[VMPAC; Hayden and Square, [1999](#aur1526-bib-0021){ref-type="ref"}\], apraxia of speech could not be ruled out in two of the children; thus, the final number included in the study was 21 for the ASD group.

Speech and Language Measures {#aur1526-sec-0004}
----------------------------

To characterize the groups, all children completed standardized measures of speech and language abilities. Typically developing children completed the Expressive Language Test \[Williams, [2007](#aur1526-bib-0076){ref-type="ref"}\], the Peabody Picture Vocabulary Test \[Dunn & Dunn, [2007](#aur1526-bib-0015){ref-type="ref"}\], and the Wechsler Non‐Verbal \[Wechsler and Naglieri, [2006](#aur1526-bib-0075){ref-type="ref"}\] to measure the constructs of expressive vocabulary and word retrieval, receptive vocabulary and non‐verbal (or performance) IQ, respectively. The children with ASD were assessed on similar constructs with the Oral and Written Language Scales, second edition for oral expression (OWLS II‐OE) and listening comprehension \[OWLS II‐LC; Carrow‐Woolfolk, [2011](#aur1526-bib-0011){ref-type="ref"}\] and the Wechsler Abbreviated Scale of Intelligence, second edition, nonverbal domain \[WASI‐II; Wechsler, [2011](#aur1526-bib-0074){ref-type="ref"}\]. Means and standards for the tests for each group are reported in Table [1](#aur1526-tbl-0001){ref-type="table-wrap"}.

###### 

Participant Characteristics

                                                                  Typically developing (mean ± SD)   ASD (mean ± SD)   *P*‐value
  --------------------------------------------------------------- ---------------------------------- ----------------- ------------
  *N*                                                             21                                 21                
  Males: Females                                                  17:4                                                 17:4
  Age (years)                                                     11.5 ± 3.1                         11.4 ± 3.2        *P* = 0.79
  Age range                                                       5.98--16.8                         5.99--17.64       
  Oral expression[a](#aur1526-note-0001){ref-type="fn"}           113 ± 13.7                         88.6 ± 24.4       N/A
  Listening comprehension[b](#aur1526-note-0002){ref-type="fn"}   117 ± 11.2                         92.6 ± 27.9       N/A
  Non‐verbal IQ[c](#aur1526-note-0003){ref-type="fn"}             111 ± 9.0                          96.4 ± 18.1       N/A

TD tested with EVT; ASD tested with OWLSII‐OE.

TD tested with PPVT; ASD tested with OWLSII‐LC.

TD tested with WNV; ASD tested with WASI.

MEG Data Acquisition and Co‐registration with Structural MRI {#aur1526-sec-0005}
------------------------------------------------------------

MEG data were acquired in a whole‐head 151 channel MEG (CTF Omega, MISL, Coquitlam, Canada) located in the Neuromagnetic Lab at the Hospital for Sick Children. Prior to examination, fiducial markers were placed on each subject\'s nasion and both preauricular points; these were replaced with MRI contrast markers after MEG data collection to allow co‐registration of MEG data with structural MRI. Subjects were tested supine on the MEG bed. Data were acquired continuously at a 4000 Hz to allow audio recording of the subject\'s voice output in conjunction with the MEG recording. Data were acquired with a third order spatial gradient and low pass filtered at 200 Hz.

After the MEG recording, a T1‐weighted MR image (3D SAG MPRAGE: GRAPPA = 2, TR/TE/TI/FA = 2300/2.96/900/9, FOV/Res = 192 × 240 × 256, 1.0mm isotropic voxels) was obtained on a 3T MR scanner (Magnetom Tim Trio, Siemens AG, Erlangen, Germany) with a 12‐channel head coil. MEG images were superimposed onto the co‐registered MRI for each individual subject.

MEG Tasks {#aur1526-sec-0006}
---------

Participants completed three tasks of increasing oromotor complexity in the MEG. One hundred fourteen trials of each task were completed for each condition in one block. Children fixated on a cue stimulus consisting of a small white circle with a small cross inside and were instructed to perform the oromotor task whenever the circle changed color to a light green. The choice to use a color change cue was intentional to minimize the visual onset/offset response and the visual evoked response, as these are usually several times larger than the cognitive responses of interest in this study. The interval between trials varied between 3500 and 3900 ms.

The three tasks consisted of increasingly difficult oromotor tasks with the same initial bilabial movement. The first task was a pure oromotor action which we refer to as "mouth open." Children were instructed to open their jaw to mid‐aperture and then close it completely. The research assistant watched the first few movements to ensure a straight vertical motion downwards and upward. No sound productions or vocalizations were required in this task. In the second task, children were instructed to speak the phoneme/pa/. This phoneme required the same vertical open‐close motion as the "mouth open" condition with the addition of a phonemic vocalization. In the third task, children were instructed to speak the phonemic sequence/pa//da//ka/. Children were trained to produce this as one utterance, and again, the first phoneme involved the same vertical open--close mouth motion, while the remainder of the production was a more complex utterance that required the coordination and activation of the respiratory, vocal, and oral muscular systems, as well as the cognitive functions of oromotor planning and sequencing. The MEG data acquisition required a total of approximately 40 min, although somewhat longer for the younger children as more frequent breaks were required.

MEG Data Analysis {#aur1526-sec-0007}
-----------------

The continuously recorded MEG data were downsampled to 1000 Hz, filtered between 1 and 50 Hz and epoched from 500 ms before the stimulus cue to 1500 ms post‐cue (−500 to +1500 ms epoch lengths). An inner‐skull surface headmodel \[FMRIB software library (FSL); Smith et al., [2004](#aur1526-bib-0065){ref-type="ref"}\] was computed from each subject\'s anatomical MRI image and co‐registered to the MEG data. Beamformer source localization, a spatial filtering algorithm used to identify peak locations of brain activation, was applied using BrainWave (cheynelab. utoronto.ca) on the whole head data with 4 × 4 × 4 mm voxel resolution and 10 ms time windows across the whole epoch. Prominent activations were seen in the typically developing group in eight Brodmann areas in the left hemisphere. To explore subtle differences in the activation and timing of these processes in ASD, the time courses at these locations were studied. To achieve this, the coordinates for these eight activations, along with their homologous right hemisphere locations, were identified from beamforming and their Talairach \[Talairach & Tournoux, [1988](#aur1526-bib-0069){ref-type="ref"}; Lancaster et al., [2000](#aur1526-bib-0034){ref-type="ref"}\] coordinates were noted (See Table [2](#aur1526-tbl-0002){ref-type="table-wrap"}). These coordinates were then used as the locations where the time courses of activation (also called a "virtual sensor") were reconstructed, using the absolute values of the beamformer output. This reconstruction resulted in waveforms at each location for each subject and condition. As a first pass, the data from each virtual sensor were averaged across subjects and within conditions to identify the locations with prominent peaks in the waveform that could be submitted to peak‐picking. Averaged sensors that did not show a clear peak in the waveform were not submitted to peak‐picking. Following recommended procedures for peak‐picking \[Picton et al., [2000](#aur1526-bib-0052){ref-type="ref"}\], if the averaged virtual sensor showed magnitude differences, then peak‐picking for each individual was performed at the latency of the peak in the averaged virtual sensor. If the averaged virtual sensor showed latency differences, a window around the peak in the average was specified and this window was applied to each individual tracing. The window was determined by inspection of the grand averaged waveform and was selected to encompass the onset and offset of the waveform of interest. The latency with the highest magnitude within the window was noted. Differences were submitted to separate paired *t*‐tests (as the ASD and control children were matched by age and sex) for each region of interest. Corrections for multiple comparisons were completed using the Benjamini and Hochberg correction factor which is calculated as: $$P\left( {corrected} \right) = ~P(i)*~n/i$$where *n* is the number of comparisons and *i* is the rank of the *P*‐value in ascending order \[Benjamini & Hochberg, [1995](#aur1526-bib-0005){ref-type="ref"}\]. As each condition was analysed separately, the number of comparisons for magnitude were 14, 10, and 19 for mouth open,/pa/and/pa//ta//ka/, respectively, and for latency, the number of comparisons was 12.

###### 

Talairach Co‐ordinates for "virtual sensor" Locations for the Three Conditions

                   MO           /pa/        /pa//da//da/                            
  ------- -------- ------------ ----------- -------------- ----------- ------------ -----------
  BA 47   IFG      −36 15 −18   44 15 −7    −40 15 −7      32 26 −25   −44 23 3     36 19 −18
  BA 9    MFG      −44 13 29    44 13 36    −24 25 32      24 25 32    −44 13 29    44 13 36
  BA 13   Insula   −40 −15 8    44 −11 15   −40 5 18       36 −42 21   −40 −26 23   44 −20 −9
  BA 6    PCG      −40 −10 30   48 −6 26    −51 −3 26      36 −6 33    −44 −3 26    48 −6 33
  BA 4    PCG      −44 −14 38   40 −17 41   −32 −17 41     36 −13 49   −40 −14 38   32 −17 45
  BA 22   STG      −32 −49 25   36 −49 25   −40 −53 21     40 −53 21   −40 −53 21   36 −49 25
  BA 40   IPL      −32 −41 39   44 −30 31   −28 −36 50     40 −41 28   −48 −45 35   40 −33 35
  BA 18   Cuneus   −24 −69 15   16 −80 22   −16 −73 18     20 −81 15   −24 −69 15   4 −77 8

IFG, in ferior frontal gyrus; MFG, middle frontal gyrus; PCG, pre‐central gyrus; STG, superior temporal gyrus; IPL, inferior parietal lobule

Results {#aur1526-sec-0008}
=======

All significant results, with both uncorrected and corrected *P*‐values, for magnitude differences are summarized Table [3](#aur1526-tbl-0003){ref-type="table-wrap"} and for latency in Table [4](#aur1526-tbl-0004){ref-type="table-wrap"}. These are described by condition in the following sections.

###### 

Mean Magnitudes for Locations with Significant Differences (*P* \< 0.05, Corrected) between the Typically Developing and ASD Groups in the Three Conditions

                                Magnitude (mean ± SEM)                           
  ----------------------------- ------------------------ -------------- -------- -------
  **Mouth open**                                                                 
   R PCG (BA4)                  −0.21 ± 1.46             0.46 ± 1.34    0.0042   0.029
   R MFG (BA9)                  −0.31 ± 1.00             0.56 ± 1.01    0.0028   0.039
   L Cuneus (BA18)              0.75 ± 2.69              1.92 ± 2.12    0.014    0.048
  **/pa/**                                                                       
   No significant differences                                                    
  **/pa//da//ka/**                                                               
   R PCG (BA4)                  0.08 ± 0.78              −0.58 ± 0.99   0.0025   0.047
   L Insula (BA13)              0.26 ± 0.75              0.90 ± 0.76    0.0090   0.043
   R STG (BA22)                 −0.33 ± 0.90             −1.16 ± 1.19   0.0066   0.042
   L Cuneus (BA18)              0.53 ± 2.63              1.67 ± 1.99    0.0033   0.032

PCG, pre‐central gyrus; MFG, middle frontal gyrus**;** STG, superior temporal gyrus.

###### 

Mean Latencies for Locations with Significant Differences (*P* \< 0.05, Corrected) between the Typically Developing and ASD Groups in the Three Conditions

                     Magnitude (mean ± SEM)                            
  ------------------ ------------------------ ------------ ----------- -----------
  **Mouth open**                                                       
   R PCG (BA6)       328 ± 13.1               366 ± 29.9   0.0000003   0.0000009
   L IPL (BA40)      154 ± 12.6               180 ± 21.8   0.00003     0.00006
  **/pa/**                                                             
   L IFG (BA47)      219 ± 23.4               256 ± 17.4   0.000009    0.00002
   L MFG (BA9)       231 ± 15.5               217 ± 19.2   0.011       0.015
   L IPL (BA40)      174 ± 21.8               214 ± 36.6   0.00023     0.00039
   L Cuneus (BA18)   193 ± 25.2               224 ± 30.8   0.0017      0.0025
  **/pa//da//ka/**                                                     
   R IFG (BA47)      158 ± 12.1               118 ± 15.8   0.000004    0.00002
   L Insula (BA13)   242 ± 20.0               323 ± 27.2   0.000003    0.00003

Mouth Open Condition {#aur1526-sec-0009}
--------------------

Figure [1](#aur1526-fig-0001){ref-type="fig"} shows the averaged virtual sensors for the eight left hemisphere and eight right hemisphere regions. Visual inspection shows that for some of the sensor locations (e.g., L IFG BA47), there is no difference in the morphology of the grand‐averaged response between groups. For other locations, peak‐picking and statistical testing were applied. After correction for multiple comparisons, only three sensors showed significant differences in magnitude (circled) and two in latency (boxed). For latency, the right motor area (R PCG BA6) and left Wernicke\'s Area (L IPL BA40) showed delays of approximately 30 ms in the ASD compared to control groups. Table [3](#aur1526-tbl-0003){ref-type="table-wrap"} lists the mean magnitudes and Table [4](#aur1526-tbl-0004){ref-type="table-wrap"} lists the latencies for both groups.

![Grand‐averaged time courses of activation (virtual sensors) reconstructed from 8 regions of interest in the left hemisphere and their homologous right hemisphere locations for the mouth open condition. Responses from the children with ASD are shown by the blue solid line and the controls by the red dotted line. Significant between group differences in magnitude are circled and significant differences in latency are boxed.](AUR-9-249-g001){#aur1526-fig-0001}

/pa/Condition {#aur1526-sec-0010}
-------------

For the/pa/condition, there were no significant differences in magnitude between groups; however, four left hemisphere sensors showed significant differences in latency (see Fig. [2](#aur1526-fig-0002){ref-type="fig"}). Delays of greater than 30 ms were seen in frontal and temporal language areas (L IFG BA47, L IPL BA40) and visual cortex (L cuneus BA18) for the ASD compared to control groups. Interestingly, in executive control areas (L MFG BA9), the group with ASD showed a peak that was approximately 15 ms earlier than the controls. These group differences are listed in Table [4](#aur1526-tbl-0004){ref-type="table-wrap"}.

![Grand‐averaged time courses of activation ('virtual sensors') reconstructed from 8 regions of interest in the left hemisphere and their homologous right hemisphere locations for the/pa/condition.](AUR-9-249-g002){#aur1526-fig-0002}

/pa//da//ka/Condition {#aur1526-sec-0011}
---------------------

Figure [3](#aur1526-fig-0003){ref-type="fig"} shows the grand averaged virtual sensors for the 16 regions of interest. Peak picking identified four sensors with significant differences in magnitude (circled) and two with significant differences in latency (boxed). Compared to the control subjects, activation in the group with ASD peaked earlier by 40 ms in homologous Broca\'s Area (R IFG BA47) but was delayed by 80 ms in left insula (BA13). Means of these significant differences are contained in Table [4](#aur1526-tbl-0004){ref-type="table-wrap"}.

![Grand‐averaged time courses of activation ('virtual sensors') reconstructed from 8 regions of interest in the left hemisphere and their homologous right hemisphere locations for the/pa//da//ka/condition.](AUR-9-249-g003){#aur1526-fig-0003}

Discussion {#aur1526-sec-0012}
==========

We identified amplitude and latency differences between typically developing children and children with ASD on a set of simple tasks involving oromotor control and phoneme production, using a classic peak‐picking approach on virtual sensors reconstructed from regions of interest identified from beamformer source localization. While studies of language have suggested that children with ASD would likely have difficulties with language tasks, this is the first neuroimaging study to demonstrate timing delays related to ASD at the more basic speech production level.

To summarize the most salient findings, for the oromotor task, we found increased magnitude and delayed latency for ASD in motor control areas (BA4, BA6), as well as increased magnitude in an executive control area (BA9). With the phoneme task, latency delays were seen for the ASD group in both frontal (BA47) and temporal language (BA40) processing areas. Finally, for the oromotor sequencing task, in the ASD group, both an increased magnitude and a delayed latency were seen in a sensory integration area (insula). Typically, when increased magnitudes are seen, this is interpreted as a process requiring more synchronized brain activity, or possibly more effort to complete, while increased latencies are interpreted as a demonstration that the task was more difficult and required more time to complete. Below, we interpret the specific findings for each of the three tasks.

Difficulties with Oromotor Control and Oromotor Sequencing in ASD {#aur1526-sec-0013}
-----------------------------------------------------------------

In the mouth open and/pa//da//ka/conditions, differences were seen in the right hemisphere primary motor control area (R PCG/BA4) only for magnitude. It is known that primary motor areas located in pre‐central gyrus (PCG/BA4) are organized in a homuncular fashion and activate with motor tasks \[Penfield & Roberts, [1959](#aur1526-bib-0050){ref-type="ref"}\]. Typically, this activation is unilateral and contralateral to the limb that is moved; however, mouth and jaw movements are the exception, and typically result in activation of bilateral motor cortices \[Salmelin & Sams, [2002](#aur1526-bib-0061){ref-type="ref"}; Saarinen et al., [2006](#aur1526-bib-0059){ref-type="ref"}\]. Interestingly, our finding of a unilateral right hemisphere over‐activation of oromotor control is consistent with an fMRI resting state study which found enhanced engagement of the right hemisphere for components of the sensorimotor network in ASD \[Cardinale, Shih, Fishman, Ford, & Muller, [2013](#aur1526-bib-0010){ref-type="ref"}\]. Further, our findings of delayed and larger activations in the ASD group suggest that children with ASD are slower in activating, and require a greater neural response, to generate the required motor output. As well, in the mouth open condition, the children with ASD showed significantly increased latency for the activation in the right premotor cortex, or motor planning area, (R PCG/BA6), offering additional confirmation that they were slower in activating the appropriate brain regions required to complete the task.

For the/pa//da//ka/condition, differences were also observed in the left insula (BA13) and right superior temporal gyrus (R STG/BA22), with the ASD group showing delayed and larger activations in these regions, respectively. The insula is known to subserve a number of functions, one of which is sensorimotor integration \[Kurth, Zilles, Fox, Laird, & Eickhoff, [2010](#aur1526-bib-0033){ref-type="ref"}\]. The STG has been implicated in sequencing as well as melodic and prosodic processing \[e.g., Buchsbaum, Hickok, & Humphries, [2001](#aur1526-bib-0009){ref-type="ref"}; Meyer, Alter, Friederici, Lohmann, von Cramon, [2002](#aur1526-bib-0043){ref-type="ref"}; Patterson, Uppenkamp, Johnsrude, & Griffiths, [2002](#aur1526-bib-0049){ref-type="ref"}\]. Our findings of larger and slower activations in these two regions support observations that children with ASD have difficulty with sensorimotor integration and oromotor sequencing.

Even with the simple oromotor tasks used in our study, significant differences were seen in the children with ASD. This suggests that their oromotor difficulties may be foundational to some of the speech deficits seen in ASD and, with more complex sequences or more difficult tasks, these difficulties become more pronounced. Of note, in the/pa/condition, no differences were observed in the primary motor control and supplementary motor control areas between control and ASD children. This may be due to the over‐learned nature of this phoneme. It is one of the first phonemes to be learned in the English language and has been extensively rehearsed and practised by both groups of children. This is consistent with literature showing that in most cases of high‐functioning ASD, productive phonology, or articulation, is normal \[Kjelgaard & Tager‐Flusberg, [2001](#aur1526-bib-0028){ref-type="ref"}\]. Our inclusion of the/pa//da//ka/utterance is helpful in demonstrating that while children with ASD might perform well at simple tasks, they may begin to experience greater difficulties once the tasks become more complex, such as in this case where sequencing was required.

Difficulties with Executive Control in ASD {#aur1526-sec-0014}
------------------------------------------

The above suggestion that children with ASD may perform adequately on simple tasks, but will fail on more complex tasks, is supported by our finding of differences between the ASD and control groups at the middle frontal gyrus (BA9). Brodmann Area 9 is part of the dorsolateral prefrontal cortex and is known to be involved in sustaining attention, working memory and also movement preparation \[Pochon et al., [2001](#aur1526-bib-0054){ref-type="ref"}\]. We see larger and earlier activation of this area in the ASD group for both the mouth open and/pa/tasks. This suggests that the ASD group rely more heavily on this region as they recruit it sooner and to a greater degree than the controls. An fMRI study found that adolescents with ASD showed a disruption of modulatory control and connectivity between Broca\'s area and dorsolateral prefrontal cortex when performing a verb generation task \[Verly et al., [2014](#aur1526-bib-0072){ref-type="ref"}\]. It is not clear how MEG activations relate to fMRI connectivity due to the very different time‐scales and distinct signal origins; however, both studies point to abnormalities in ASD in the prefrontal regions.

Functional Deficits in Canonical Language Areas in ASD {#aur1526-sec-0015}
------------------------------------------------------

For both the mouth open and/pa/tasks, children with ASD showed significant delays in activation in the left inferior parietal lobule (L IPL BA 40) or Wernicke\'s Area. Typically this area is activated with receptive language processing, but it also plays an important role in language‐related sensory feedback \[Jardri et al., [2007](#aur1526-bib-0025){ref-type="ref"}\]. The delayed activation in this area suggests that children with ASD experience a lag in their sensory feedback of the speech production information, and this may be a contributing factor to their language deficits. The hypothesis that abnormalities in this region contribute to both language and ASD symptomology is supported by an MRI study which found increased gray matter volumes in the parietal lobe that correlated with increased delay of age of onset of words \[Zoccante et al., [2010](#aur1526-bib-0077){ref-type="ref"}\] and a functional connectivity MRI study which reported a lack of left hemisphere connectivity between Wernicke\'s area and the posterior cingulate cortex which correlated with autism severity \[Nielsen et al., [2014](#aur1526-bib-0046){ref-type="ref"}\].

For both of the phonemic stimuli,/pa/and/pa//da//ka/, significant differences were observed in inferior frontal areas (IFG BA47). In the left hemisphere, this difference was seen as a delayed activation for ASD with the/pa/production, while for/pa//da//ka/, the children with ASD showed the opposite effect; an earlier activation in the right hemisphere. Typically, with word production and language production tasks, right hemisphere activation is observed in younger children and in clinical groups that struggle with the task. Involvement of the homologous right hemisphere language areas suggests that the recruitment of additional neural resources is required to complete the task. This is consistent with a pragmatic language task in fMRI which yielded comparable behavioral results between TD and ASD, while ASD activated homologous BA47 to complete the task---this was interpreted to indicate the compensatory nature of the right BA47 \[Tesink et al., [2009](#aur1526-bib-0070){ref-type="ref"}\]. Similar results have been seen in fMRI naming tasks where adolescents with ASD showed less left‐lateralized responses with word production \[Knaus, Silver, Lindgren, Hadjikhani, & Tager‐Flusberg, [2008](#aur1526-bib-0030){ref-type="ref"}\] and a diffusion tensor imaging study which showed that abnormalities in left hemisphere frontotemporal language connections correlated with severity of clinical language impairment \[Nagae et al., [2012](#aur1526-bib-0045){ref-type="ref"}\].

Furthermore, there are a number of studies reporting over‐engagement of frontal and temporal brain areas in the right hemisphere when processing language in ASD. It may be that the left hemisphere abnormalities seen in our study, with oromotor control and basic speech tasks, result in an inability for the left hemisphere to carry out its language tasks, and thus the right hemisphere is recruited to supplement the processing. The outcome is the asymmetrical right hemisphere over‐activation frequently seen in ASD with language tasks \[e.g., Boddaert et al., [2004](#aur1526-bib-0007){ref-type="ref"}; Just, Cherkassky, Keller, & Minshew, [2004](#aur1526-bib-0027){ref-type="ref"}; Gendry Meresse et al., [2005](#aur1526-bib-0018){ref-type="ref"}; Harris et al., [2006](#aur1526-bib-0020){ref-type="ref"}; Gaffrey et al., [2007](#aur1526-bib-0017){ref-type="ref"}; Wang, Lee, Sigman, & Dapretto, [2006](#aur1526-bib-0073){ref-type="ref"}; Kleinhans, Muller, Cohen, & Courchesne, [2008](#aur1526-bib-0029){ref-type="ref"}; Mason, Williams, Kana, Minshew, & Just, [2008](#aur1526-bib-0041){ref-type="ref"}; Groen et al., [2009](#aur1526-bib-0019){ref-type="ref"}; Knaus et al., [2010](#aur1526-bib-0031){ref-type="ref"}; Eyler, Pierce, & Courchesne, [2012](#aur1526-bib-0016){ref-type="ref"}\]. This over‐involvement of right hemisphere seen in functional neuroimaging is supported by structural neuroimaging studies. For example, using DTI, children with ASD showed less left lateralization in fractional anisotrophy measures in uncinate, arcuate and cingulum \[Lo et al., [2011](#aur1526-bib-0038){ref-type="ref"}\], as well as in radial diffusivity of the arcuate fasciculus. Further, greater rightward asymmetry of connections to Broca\'s area was associated with higher language scores in ASD; whereas in the typically developing group, greater leftward lateralization was associated with higher language scores \[Joseph et al., [2014](#aur1526-bib-0026){ref-type="ref"}\].

Abnormal Activation of Primary Visual Areas in ASD {#aur1526-sec-0016}
--------------------------------------------------

Across all three conditions, the left cuneus (BA18) response was significantly larger or later in ASD than in controls. Functional MRI studies have already demonstrated significantly greater activation in extrastriate visual cortex (BA18 and 19) with visual language processing in ASD. This additional activation is interpreted as increased visualization of target items; however, behaviorally, the individuals with ASD rely heavily on perceptual components and visual imagery but their performance remains poorer \[Gaffrey et al., [2007](#aur1526-bib-0017){ref-type="ref"}; Shen et al., [2012](#aur1526-bib-0062){ref-type="ref"}\]. In our study, we specifically chose a very simple stimulus (small cross in a circle) with a change in color as the cue, as we had hoped to not evoke extensive visual perceptive processing and thus minimize the visual response differences between groups. This was not the case. Clearly even with a simple visual stimulus, the hyperactivity of the extrastriatal visual region is found in children with ASD.

Limitations and Future Directions {#aur1526-sec-0017}
---------------------------------

While this is the first report using MEG to characterize the spatiotemporal dysfunctions that underlie oromotor processing and speech production, there are a number of limitations to this study including its small sample size, the use of different language and IQ measures between groups, its focus on high‐functioning autism, and its emphasis on speech but not language processing. Future studies should aim to recruit a larger sample of children across the spectrum of language abilities. Further, these participants should be extensively phenotyped with various oromotor, speech and language measures, and the participants should undergo a battery of tasks in the MEG that encompass both simple and higher‐order, complex language processes. This would elucidate the association between brain processes and specific language/speech functions. This would allow the isolation of specific brain dysfunctions that are tied to specific behavioral dysfunctions. With this knowledge of the neurobiology of atypical language function, it would be possible to begin to develop interventions and tailor therapies that target the specific dysfunction in question.

Summary and Conclusions {#aur1526-sec-0018}
=======================

This is the first study to show significant differences in the early temporal dynamics underlying simple oromotor tasks involving nonspeech, speech, and phoneme sequencing that demonstrate brain abnormalities in children with high‐functioning ASD compared to age‐ and sex‐matched controls. These differences were located in primary motor control areas (BA4), motor control areas (BA6), dorsolateral prefrontal cortex (BA9), motor integration (BA13) and sequencing areas (BA22), as well as classical language production (BA47) and language processing (BA40) areas. To our surprise, even the simple mouth open condition and simple phoneme production condition evoked significant between‐group differences. Often the latency delays were of 30 ms or more in the ASD group. Certainly, these delays at the basic speech production level would contribute to downstream impact at the language production level. Our finding of brain abnormalities using basic speech and oromotor tasks in children with high‐functioning ASD points to the fundamental nature of these oromotor deficits, although future studies are required to determine whether these results extend to the rest of the spectrum. As well, these findings highlight the value of using MEG, as it was the high temporal resolution of MEG that allowed us to identify these important delays in the ASD group.
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